Introduction
============

Ibuprofen is a non-steroidal anti-inflammatory drug[@b1-ijn-8-845],[@b2-ijn-8-845] inhibiting prostaglandin synthesis but having no effect on the adrenal pituitary axis. In addition, ibuprofen has an analgesic property that is probably related to its anti-inflammatory effect. Moreover, ibuprofen has been proven effective in the treatment of rheumatoid osteoarthritis, ankylosing spondylitis, gout, and Bartter's syndrome.[@b3-ijn-8-845],[@b4-ijn-8-845] However, along with its demonstrated safety and efficacy, ibuprofen plays a limited pharmaceutical role, mainly because of its extremely low aqueous solubility, rapid systemic elimination with a serum half-life of 1.8 hours, and inadequate tissue absorption resulting in poor bioavailability. The conventional ibuprofen tablet has low bioavailability and severe stimulatory effects on the gastrointestinal tract (GIT). Gastric discomfort, nausea, and vomiting are still the most common side effects.

Current trends in ibuprofen research have concentrated on the development of potential delivery systems to increase its aqueous solubility and bioavailability, as well as to achieve controlled delivery of ibuprofen. As a result, the sustained and controlled release preparations of ibuprofen are developed widely, which includes extended-action tablets, modified-release capsules, delayed-release pellets, and sustained-release microspheres.[@b5-ijn-8-845]--[@b9-ijn-8-845] A modified release-capsule has long been on the market.

Much attention was recently given to bioadhesive delivery systems by increasing the residence time in the GIT, subsequently facilitating the absorption of the drug through adhesion to cellular surfaces. These oral delivery systems certainly represent a promising approach to increasing the bioavailability of ibuprofen.[@b10-ijn-8-845]--[@b12-ijn-8-845] However, lyotropic liquid crystal nanoparticles, such as reversed bi-continuous cubics, have recently received much more attention for sustained release of the delivered drugs because of their ability to solubilize hydrophilic, hydrophobic, and amphiphilic drug molecules.[@b13-ijn-8-845] Cubic nanoparticles as oral delivery carriers seem to be advantageous for poorly water-soluble drugs for several reasons. First, being lyotropic, cubic nanoparticles can hold poorly water-soluble drugs in a solubilized state within their lipid bilayers.[@b14-ijn-8-845] Second, bioadhesive cubic nanoparticles may increase the opportunity for the close contact of drug-loaded nanoparticles with intestinal cell membranes.[@b15-ijn-8-845] Finally, the cubic phases can enhance the stability of drugs and reduce drug stimulation on the GIT.[@b16-ijn-8-845]

Most studies have focused on glyceryl monooleate (GMO) as a liquid crystal-forming lipid, but glyceride lipids possess ester bonds that are susceptible to degradation by lipase enzymes in the GIT. This phenomenon was previously observed with GMO cubosomes in in vitro digestion models,[@b17-ijn-8-845] implying a loss of liquid crystal structure in vivo. Therefore, non-digestible lipid phytantriol (PYT) has attracted increasing interest due to its similar phase behavior as GMO's and improved chemical stability. Phytantriol was found to sustain the absorption of cinnarizine over approximately 48 hours after oral administration, resulting in improved bioavailability. It has been proven that phytantriol can be retained in the stomach for an extended period of time, comparable to GMO, establishing a link between digestibility, gastric retention, and long-term sustained release.[@b18-ijn-8-845]

Cubic liquid crystalline nanostructured particles, like liposomes, are thermodynamically unstable dispersions, requiring energy input often via high-pressure homogenization or ultrasonication to form dispersions in the presence of stabilizers.[@b19-ijn-8-845] Representative stabilizers include non-ionic block co-polymer pluronics (F127), polyvinyl alcohol (PVA), and polypeptides. These are of interest, as they can provide stability and chemical functionalization for nanoparticles as drug delivery systems.[@b20-ijn-8-845],[@b21-ijn-8-845]

The abilities of cubic phases to incorporate drugs for controlled release and enhanced drug bioavailability make it an interesting drug delivery system for oral, topical (or mucosal), and intravenous administration, with extensive applications in a multitude of dosage forms.[@b18-ijn-8-845],[@b22-ijn-8-845]--[@b26-ijn-8-845] However, few studies have assessed the application of cubic phases in ibuprofen oral drug delivery.

Therefore, the objective of this study was to develop a nanoparticulate delivery system by using PYT and F127, which could solubilize ibuprofen in aqueous media, reaching the clinically relevant concentration and delivering ibuprofen in a controlled manner. Taking advantage of their permeation-enhancing effect, cubic nanoparticles were evaluated in vivo as potential vehicles to improve the oral bioavailability of hydrophobic ibuprofen. A previously reported preparation method was slightly modified to produce particles with suitable size, charge, and stability properties.[@b27-ijn-8-845] Differential scanning calorimetry (DSC) and powder X-ray diffraction (XRD) were employed to identify the physical state of ibuprofen in the lipid matrix. Finally, the pharmacokinetic profile of orally administered ibuprofen encapsulated in cubic nanoparticles was investigated.

Materials and methods
=====================

Materials
---------

Ibuprofen was obtained from Beijing Huafeng United Technology Co, Ltd (Beijing, People's Republic of China). Phytantriol was purchased from DSM (Basel, Switzerland). Poloxamer 407 (PEO~98~POP~67~PEO~98~) was a gift from BASF (Ludwigshafen, Germany). All chemicals were used as received without further purification. Milli-Q--grade water purified through a Millipore system (ELGA LabWater, Sartorius, UK) was used throughout this study.

Preparation of cubic nanoparticles
----------------------------------

Cubic nanoparticles were prepared through the fragmentation of PYT/poloxamer 407 bulk cubic gel.[@b28-ijn-8-845] Phytantriol (750 mg) and poloxamer 407 (75 mg), at a ratio of 10:1 (w/w), were first melted at 60°C in a hot water bath until they were homogeneous, after which ibuprofen was added to dissolve under continuous stirring. Deionized water (0.25 mL) was then added gradually and the mixture was vortex-mixed to achieve a homogeneous state. After equilibration for 48 hours at room temperature, an optically isotropic cubic phase gel was formed. By adding 10 mL of deionized water, the cubic gel was disrupted by mechanical stirring. Subsequently, the crude dispersion was fragmented for 10 min by intermittent probe sonication (JYD-650, Shanghai, People's Republic of China) at 200 W energy input using a pulse mode (9-second pulses interrupted by 18-second breaks) under cooling in a 20°C water bath. The resulting milky coarse dispersion was homogenized using a high-pressure homogenizer (Avestin Em-C3, Ottawa, Canada) at certain high pressures and cycles to obtain an opalescent dispersion of the cubic nanoparticles. The final dispersion of cubic nanoparticles was stored at room temperature for further studies.

Particle size and zeta potential measurements
---------------------------------------------

The particle size and size distribution of cubic nanoparticles were determined using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK), based on photon correlation spectroscopy. The dispersion of ibuprofen-loaded cubic nanoparticles was diluted in double-distilled water at 25°C (100 μL sample diluted to 6 mL) for analysis. The mean Z-average diameter and polydispersity index were obtained by cumulate analysis using the MALVERN software. The same suspension was used to measure the zeta potential of nanoparticles. All measurements were performed in triplicate.

Atomic force microscopy
-----------------------

The shape and surface morphology of ibuprofen-loaded cubic nanoparticles were inspected by atomic force microscopy (AFM) (Nanoscope III A, Vecco, Plainview, NY, USA). A drop of an ibuprofen-loaded cubic nanoparticle dispersion was placed on freshly cleaved mica to incubate for 5 minutes, and then the surface of the sample was rinsed with deionized water to remove unbound nanoparticles. Subsequently, the sample was dried in the air and mounted in a microscope scanner for viewing and imaging in the non-contact mode at a frequency of 312 kHz and a scan speed of 2 Hz.

Cryogenic transmission electron microscopy
------------------------------------------

The inner cubic structure of the nanoparticles was examined by cryogenic transmission electron microscopy (Cryo-TEM) (JOEL JEM-2010, Tokyo, Japan). A thin liquid film of nanoparticles was prepared on a carbon-coated holey film grid. Immediately after blotting, the grid was plunged into precooled liquid ethane for flash freezing. The cryo-grid was then held in a Gatan 626 Cryo-Holder (Gatan Inc, Pleasanton, CA, USA) and the sample was transferred into the cryo-TEM at a constant temperature of −172°C. Samples were viewed under low-dose conditions and all images were recorded digitally by a charge coupled device (CCD) camera (Gatan Inc, 832) at a defocus of 3.000--5.464 μm.

Differential scanning calorimetry
---------------------------------

The physical status of ibuprofen encapsulated in cubic nanoparticles was characterized by DSC thermogram analysis (STA 6000 simultaneous thermal analyzer, Perkin Elmer, Waltham, MA, USA). Each 5-mg sample (pure ibuprofen, void cubic nanoparticles, a physical mixture of cubic nanoparticles and ibuprofen, and ibuprofen-loaded cubic nanoparticles) was placed in a standard aluminum pan and then purged with pure dry nitrogen gas at a flow rate of 10 mL/min prior to analysis. The temperature was increased at a rate of 10°C/minute and the heat flow was recorded from 30°C to 140°C.

X-ray diffraction
-----------------

XRD analysis was carried out to determine the crystallinity of the nanoparticle formulation by using an X-ray powder diffractometer (Bruker AXS, Madison, WI, USA) at 40 kV and 25 mA, with a scanned angle of 3° ≤ 2θ ≤ 40° at a scan rate of 0.9 min^−1^. XRD patterns were determined for the pure ibuprofen, void cubic nanoparticles, physical mixtures of cubic nanoparticles and ibuprofen, and ibuprofen-loaded cubic nanoparticles.

Encapsulation efficiency
------------------------

To quantify ibuprofen content encapsulated in cubic nanoparticles after preparation, 0.5 mL of ibuprofen-loaded cubic nanoparticles were added into a centricon (YM-100, Amicon, Millipore, Bedford, Mass, USA) reservoir for centrifuging at 4000 rpm for 15 minutes.[@b29-ijn-8-845] The filtrate that contained free ibuprofen was removed, and the filtered dispersion was diluted with methanol and analyzed for entrapped ibuprofen content using high-performance liquid chromatography (HPLC).

In vitro drug release
---------------------

The release tests of ibuprofen-loaded cubic nanoparticles in artificial gastrointestinal fluids at a pH of 1.2 and a pH of 7.4 were conducted using dialysis membrane tubing.[@b30-ijn-8-845],[@b31-ijn-8-845] The dispersion of ibuprofen-loaded cubic nanoparticles (equivalent to 4 mg of ibuprofen) was sealed in a dialysis bag (14000 MWCO, Millipore, Boston, MA, USA) and then immersed into pH 1.2- and pH 7.4-release media (250 mL) that were thermostatically maintained at 37°C ± 0.5°C and stirred at a speed of 100 rpm. For comparison, 4 mg of pure ibuprofen were accurately weighed into pH 1.2- and pH 7.4-release media. At time intervals of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 12.0, and 24.0 h, 2 mL of medium were taken and filtered through a 0.45-μm film, while the same volume of fresh medium was added to the release medium. The concentration of released ibuprofen was then determined by HPLC.

The mechanism of ibuprofen release from the cubic phases was determined by fitting the release rate data into the following equations:
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where *y* is the accumulative release percentage; *t* is the sampling time; *k~1~*, *k~2~*, and *k~3~* are the release rate constants for [Equations (1)](#FD1){ref-type="disp-formula"}, [(2)](#FD2){ref-type="disp-formula"}, and [(3)](#FD3){ref-type="disp-formula"}, respectively; and *a~1~*, *a~2~*, and *a~3~* are constants for [Equations (1)](#FD1){ref-type="disp-formula"}, [(2)](#FD2){ref-type="disp-formula"}, and [(3)](#FD3){ref-type="disp-formula"}.

In vivo pharmacokinetics study
------------------------------

The main objective of this experiment was to compare the pharmacokinetics of ibuprofen-loaded cubic nanoparticles with those of pure ibuprofen after oral administration. The animal experiment was carried out with the permission of the Ethical Committee of the Sun Yat-sen University (Guangzhou, People's Republic of China) and performed in accordance with the National Institute of Health and Nutrition Guidelines for the Care and Use of Laboratory Animals. Six healthy female beagle dogs (1.2--2.0 years of age) weighing 12--14 kg were kept in an environmentally controlled breeding room and given standard laboratory chow and water for 1 week, before fasting overnight prior to the experiment. These dogs were randomly divided into two groups (n = 3 for each): dogs in group one were administered pure ibuprofen at a dose of 15 mg/kg dissolved in Milli Q water containing 0.3% (v/v) CMC-Na, while dogs in group two were given ibuprofen-loaded cubic nanoparticles dissolved in distilled water at an equivalent ibuprofen dose of 15 mg/kg by oral gavage. After administration, about 3 mL of blood was collected from the hind leg vein into heparinized tubes at time intervals of 0.17, 0.33, 0.67, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 12.0, and 24.0 hours. The serum was separated and the plasma samples were stored at −20°C until analysis.

Analysis of plasma samples
--------------------------

Calibration samples were prepared by adding proper volumes of standard ibuprofen solution in methanol to drug-free plasma, generating a calibration curve over the drug concentration range of 0.50--75.00 μg/mL (R^2^ \> 0.99). The detection method was validated by evaluating the accuracy, precision, recovery, and limit of quantification and proved to be reliable. For sample analysis, a 200-μL plasma sample aliquot was mixed with 100 μL of a standard ibuprofen solution, then a protein-precipitating methanol agent (500 μL) was added and vortexed for 2 minutes. After 15 minutes of centrifugation at 15,000 rpm, the supernatant was transferred to auto-sampler vials, capped, and placed into the HPLC auto-sampler. Ibuprofen separation was conducted by injecting an aliquot (80 μL) of the sample onto the HPLC column (an Odyssil C~18~ column, 4.6 × 250 mm, 5 μm) equipped with a guard column (4.6 × 12.5 mm, 5 μm), using a mobile phase consisting of methanol, 0.01 mol/L potassium dihydrogen phosphate, and phosphoric acid (400:100:0.05, v/v) at a flow rate of 1.0 mL/minute. The detection wavelength was set at 263 nm.

Pharmacokinetic and statistical analysis
----------------------------------------

Pharmacokinetic analysis was carried out by a model independent method using the 3P87 computer program (issued by the State Food and Drug Administration of China for pharmacokinetic study). The *C~max~* (highest observed concentration during the study period) and *T~max~* (the time at which *C~max~* occurred) were directly obtained from the drug concentration time curve. The *AUC~0~*~−~*~t~* (the area under the curve to the last measurable concentration) was calculated by the linear trapezoidal rule, and the *AUC~0~*~−∞~ (the area under the curve extrapolated to infinity) was calculated as (*AUC~0--t~* + *C~t~/k*), where *C~t~* and *k* are the last measurable concentration and the elimination constant, respectively. The Mann--Whitney U-test was conducted for statistical analysis. Data were reported as mean values ± SD (standard deviation), and *P* \< 0.05 was assumed to be a statistically significant difference.

Results
=======

Encapsulation efficiency
------------------------

The encapsulation efficiency of ibuprofen-loaded cubic nanoparticles was evaluated by adding various amounts of ibuprofen (2.7%, 5.5%, 8.3%, and 11.03% in weight) to the dispersed phase during preparation. The ibuprofen encapsulation efficiencies were all over 85% (87.9% ± 2.9%, 88.9% ± 1.5%, 89.6% ± 1.4%, and 86.6% ± 3.1%, respectively), showing no significant influence of original ibuprofen amounts on encapsulation efficiency. This result indicated that the diffusion of ibuprofen into the dispersion medium was negligible due to its high lipophilicity. Therefore, cubic nanoparticles with the highest drug-loading rate of 8.3% were chosen for the following studies.

Particle size and cubic nanoparticle morphology
-----------------------------------------------

Aqueous-dispersed ibuprofen-loaded cubic nanoparticles were prepared successfully, with a mean particle size of 238.1 ± 2.8 nm and a polydispersity index of 0.096 ± 0.002, as determined by dynamic light scattering ([Figure 1A](#f1-ijn-8-845){ref-type="fig"} and [Table 1](#t1-ijn-8-845){ref-type="table"}). The size distribution and morphological properties of the ibuprofen-loaded cubic nanoparticles were further investigated by AFM. The AFM images confirmed that the mean particle size was 230 nm ([Figure 1B](#f1-ijn-8-845){ref-type="fig"}), and that the particles were segregated in a spherical shape with a monodispersed size distribution. Additionally, the average zeta potential of the nanoparticles was −24.8 ± 2.1 mv, which certainly could increase the stability of the nanoparticles in the dispersion ([Table 1](#t1-ijn-8-845){ref-type="table"}).

Inner structure of cubic nanoparticles
--------------------------------------

A cryo-TEM image of ibuprofen-loaded cubic nanoparticles ([Figure 2](#f2-ijn-8-845){ref-type="fig"}) revealed the typical cubic inner structure with a mean particle size of about 230 nm, in line with the above results.

Physicochemical characterizations of drug-loaded cubic nanoparticles
--------------------------------------------------------------------

The physical status of ibuprofen encapsulated in the cubic nanoparticles was compared with pure ibuprofen by DSC analysis. The DSC thermograms of pure ibuprofen, void cubic nanoparticles, physical mixtures of cubic nanoparticles and ibuprofen, and ibuprofen-loaded cubic nanoparticles are shown in [Figure 3A](#f3-ijn-8-845){ref-type="fig"}. Ibuprofen in its natural state exists as crystals, which are characterized by a sharp peak at the melting point (78.1°C). However, when encapsulated in cubic nanoparticles, the peak at this original melting point disappeared. XRD was employed to further investigate the status of ibuprofen in cubic nanoparticle formulation. The characteristic peaks of pure ibuprofen ([Figure 3B](#f3-ijn-8-845){ref-type="fig"}) showed the features of a highly crystalline structure; however, no characteristic ibuprofen peaks were observed when the drug was entrapped in nanoparticles. Both the DSC and XRD results indicated that the drug was molecularly dispersed or in an amorphous state in the cubic nanoparticles, which is favorable to the easy diffusion of drug molecules through the polymeric matrix, resulting in an improved dissolution rate for poorly soluble drugs and sustained release from the nanoparticles.[@b32-ijn-8-845]

In vitro release
----------------

The sustained release of a drug from nanoparticles is an important factor for the successful development of nanoparticle formulations. The release profiles of ibuprofen from pure ibuprofen and cubic nanoparticles ([Figure 4](#f4-ijn-8-845){ref-type="fig"}) showed obvious slower releases from the latter. At a pH of 1.2, pure ibuprofen released 34.24% within 2 hours, whereas ibuprofen-loaded cubic nanoparticles released only 4.46% ([Figure 4A](#f4-ijn-8-845){ref-type="fig"}). At a pH of 7.4, pure ibuprofen released 95% within 6 hours, while ibuprofen-loaded cubic nanoparticles released 56.46% ([Figure 4B](#f4-ijn-8-845){ref-type="fig"}). The release profile of ibuprofen from cubic nanoparticles showed a burst release initially followed by a sustained release over the experimental period. Approximately 85% of the entrapped ibuprofen was released in 24 hours from nanoparticles, in coincidence with the high encapsulation efficiency of ibuprofen in cubic nanoparticles. The observed initial burst release could be due to the dissolving of the adsorbed drug located just at or beneath the surface of the nanoparticles. The ibuprofen entrapped inside the nanoparticles then contributed to the following sustained release, attributed to the unique structure of the cubic nanoparticles.

It is known that hydrophobic ibuprofen is mostly distributed in the lipid bilayers, and that the permeation of ibuprofen from the PYT bilayers to the water channels is a rate-limited process. [Table 2](#t2-ijn-8-845){ref-type="table"} summarizes the results by fitting the release data of ibuprofen-loaded cubic nanoparticles into different release mechanism models. A linear relationship was found between the ibuprofen release rate and the square root of time (R^2^ \> 0.99), indicating the release kinetics can be explained by Higuchi's equation. In this study, ibuprofen release from cubic nanoparticles was under diffusion control.[@b33-ijn-8-845]

In vivo pharmacokinetics
------------------------

The oral bioavailability of ibuprofen-loaded cubic nanoparticles was investigated in beagle dogs and compared to that of pure ibuprofen. The key pharmacokinetic parameters are summarized in [Table 3](#t3-ijn-8-845){ref-type="table"} and the mean ibuprofen concentrations in dog serum at different time intervals are plotted in [Figure 5](#f5-ijn-8-845){ref-type="fig"}. After oral administration, ibuprofen cubic nanoparticles were absorbed much slower than pure ibuprofen, with *T~max~* values being 1.82 ± 0.31 hours and 0.84 ± 0.19 hours (*P* \< 0.05), respectively. It is worth noting that the plasma ibuprofen level of cubic nanoparticles was sustained for over 24 hours, while the drug level of pure ibuprofen dropped below the detection limit at 8 hours. These results implied that an enhanced bioavailability of ibuprofen was achieved through the incorporation of the drug into cubic nanoparticles.

The mean values of *AUC~0--t~* and *AUC~0--~*~∞~ were found to be significantly increased for the ibuprofen-loaded cubic nanoparticles ([Table 3](#t3-ijn-8-845){ref-type="table"}). In addition, the half-life of ibuprofen-loaded cubic nanoparticles was increased by 3.09-fold in comparison with that of pure ibuprofen, indicating that the maximum residence time of ibuprofen in the systemic circulation was extended to 5.39 times for ibuprofen-loaded cubic nanoparticles after oral administration. Indeed, based on the *AUC~0~*~−∞~ values, the calculated relative oral bioavailability of ibuprofen-loaded cubic nanoparticles was about 222% (*P* \< 0.05) when compared to pure ibuprofen.

Discussion
==========

This work aimed to develop an ibuprofen-loaded cubic nanoparticulate system to solve the current problems associated with ibuprofen delivery, which may allow clinical application of this potential drug delivery system as aqueous formulations. First of all, uniform and transparent gels were prepared using PYT/F127 in excess water and analyzed by polarized light microscopy to confirm the formation of a liquid crystalline phase as the diffraction of a dark isotropy was observed. The bulk cubic-phase gels were easily disintegrated into cubic nanoparticles through fragmentation, and the particle size was largely dependent on the homogenization pressure and cycles.[@b19-ijn-8-845] It is well-known the particle size and size distribution of nanoparticles play important roles in determining the drug release kinetics, cellular uptake, and biodistribution of the drug-loaded nanoparticles, thus influencing the overall bioavailability of the formulation.[@b34-ijn-8-845]--[@b37-ijn-8-845] In this study, cubic nanoparticles with diameters ranging from 100 to 500 nm in a typical log-normal distribution ([Figure 1A](#f1-ijn-8-845){ref-type="fig"}) were prepared.

Studies conducted by Feng et al reported that nanoparticles below 500 nm in size with a high zeta potential could be efficiently taken up via the lymphatic system (M cells of Peyer's patches) and cross the membrane of epithelial cells via endocytosis.[@b35-ijn-8-845] However, Costanzo et al recently reported that nanoparticles with sizes around or below 100 nm showed optimum cellular and nuclear uptake in epithelial and smooth muscle cells.[@b38-ijn-8-845] In the light of this, we anticipated that nanoparticles with small sizes and high surface charges would be favorable to intestinal uptake and extended circulation half-life, as well as being avoided by the reticuloendothelial system. In actuality, ibuprofen-loaded cubic nanoparticles with a mean particle size of 238 nm and a uniform size distribution were prepared in this study with a homogenization pressure of 1200 bar and nine cycles.

The results of polarized light microscopy and cryo-TEM illustrated the cubic nanostructure in the nanoparticulate formulation; however, it was not clear whether the formulation was a simple mixture of ibuprofen and void cubic nanoparticles or if ibuprofen was indeed encapsulated in cubic nanoparticles. Therefore, evaluation of encapsulation efficiency, DSC, and XRD studies were conducted to confirm the incorporation of drug in cubic nanoparticles. The detected encapsulation efficiency of 89.65% indicated that the majority of the ibuprofen was indeed encapsulated in cubic nanoparticles. Consistently, the DSC and XRD studies verified the disappearance of drug crystallinity in nanoparticles, with no distinctive peak in the DSC profiles and an absence of distinct diffraction peaks in XRD patterns, owing to amorphization or solvation of the drug in the amorphous carrier. This further demonstrated that ibuprofen was encapsulated in the cubic nanoparticles.

The in vitro release experiments indicated that drug release from ibuprofen-loaded cubic nanoparticles in artificial gastrointestinal fluids was much slower than from pure ibuprofen. Consistently, a remarkably sustained release was observed in the in vivo plasma ibuprofen level of ibuprofen-loaded cubic nanoparticles after oral administration. Similar results were also reported in previous literature.[@b17-ijn-8-845],[@b23-ijn-8-845]

In the current study, the initial burst release of ibuprofen from cubic nanoparticles was probably attributed to either the surface-bound moieties or an aqueous environment allowing increased water penetration. Afterwards, the cubic nanoparticles manifested the sustained release characteristics that appeared to be dependent on the hydrophobicity of ibuprofen incorporated in the cubic nanoparticles. The release behavior fit Higuchi's equation and could be explained by the diffusion control mechanism. As ibuprofen was dispersed or dissolved in the matrix formed by the cubic phase and stable during the release study, the drug release occurred by diffusing through the aqueous channels of the cubic phase.[@b39-ijn-8-845]

In order to enhance the oral bioavailability of hydrophobic ibuprofen, a muco-adhesive nano-sized carrier was prepared to develop an aqueous nanoparticle formulation. As expected, the pharmacokinetics results certainly indicated an enhanced bioavailability of ibuprofen, as the ibuprofen-loaded cubic nanoparticles were 2.22-fold more bioavailable than pure ibuprofen after oral administration. It is worth mentioning that the drug released from nanoparticles was still detected in plasma 24 hours after oral administration ([Figure 5](#f5-ijn-8-845){ref-type="fig"}). The results therefore demonstrated a superior pharmacokinetic disposition of ibuprofen-loaded cubic nanoparticles over pure ibuprofen.

Consistently, the sustained release and enhanced bioavailability of the water-insoluble drug cinnarizine were obtained after oral ingestion of a PYT liquid crystalline matrix. The second absorption phase of the drug from the GIT was proposed to interpret the delayed elimination phenomenon. Sustained absorption of cinnarizine from PHY cubosomes led to significant enhancement in its oral bioavailability when compared to a cinnarizine suspension.[@b18-ijn-8-845]

The ability of cubic nanoparticles to enhance the oral bioavailability of a drug may be attributed to several factors. Cubic nanoparticles can be transported across endothelial cell membranes to enhance the absorption of the incorporated drug. Cubic nanoparticles also possess a lyotropic property that makes it easier for nanoparticles to penetrate the "unstirred water layer" and closely contact cell membranes.[@b15-ijn-8-845],[@b40-ijn-8-845],[@b41-ijn-8-845] Overall, the cubic nanoparticles showed a potential to increase the oral bioavailability of highly lipophilic drugs. The underlying mechanisms of enhancement, however, are still unclear and provoke future research interests.

Conclusion
==========

This study elucidated the idea that a formulation of ibuprofen-loaded cubic nanoparticles prepared through homogenizing bulk cubic phase gels into a cubic dispersion could improve the physicochemical characteristics of the drug. Nanometer-sized cubic nanoparticles with narrow size distributions were obtained under optimal homogenization conditions, and the structure of the dispersed formulation was confirmed as a bicontinuous cubic liquid crystalline phase. The cubic nanoparticles provided a sustained system for the ibuprofen and, more importantly, the sustained release of entrapped ibuprofen resulted in sustained plasma ibuprofen levels and enhanced systemic bioavailability. Thus, the ibuprofen-loaded cubic nanoparticles provide a promising carrier candidate with an efficient delivery of ibuprofen for therapeutic treatment in the near future.
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![(**A**) Mean particle size of ibuprofen-loaded cubic nanoparticles determined by a particle size analyzer (n = 3). (**B**) Size distribution and surface morphology of ibuprofen-loaded cubic nanoparticles examined by atomic force microscopy.](ijn-8-845f1){#f1-ijn-8-845}

![Cryogenic transmission electron microscopy image of ibuprofen-loaded cubic nanoparticles.](ijn-8-845f2){#f2-ijn-8-845}

![(**A**) Differential scanning calorimetry thermograms and (**B**) X-ray diffraction patterns of (**a**) pure ibuprofen, (**b**) a physical mixture of cubic nanoparticles and ibuprofen, (**c**) ibuprofen-loaded cubic nanoparticles, and (**d**) void cubic nanoparticles.](ijn-8-845f3){#f3-ijn-8-845}

![(**A**) Drug release from ibuprofen-loaded cubic nanoparticles and pure ibuprofen at pH 1.2 (n = 3). (**B**) Drug release from ibuprofen-loaded cubic nanoparticles and pure ibuprofen at pH 7.4 (n = 3).](ijn-8-845f4){#f4-ijn-8-845}

![Mean plasma ibuprofen concentration after a single oral dose of 15 mg/kg equivalent ibuprofen or ibuprofen-loaded cubic nanoparticles (n = 3).](ijn-8-845f5){#f5-ijn-8-845}

###### 

Formulation and properties of ibuprofen-loaded cubic nanoparticles (n = 3)

  PYT/F127 weight ratio   DL (%)      Particle size (nm) ±SD   PDI ± SD        Zeta potential (mv)   EE (%)
  ----------------------- ----------- ------------------------ --------------- --------------------- ------------
  10:1                    8.3 ± 0.8   238.1 ± 2.8              0.096 ± 0.002   −24.8 ± 2.1           89.6 ± 1.4

**Abbreviations:** PYT, phytantriol; F127, Poloxamer 407; DL, drug loading; PDI, polydispersity index; SD, standard deviation; EE, encapsulation efficiency.

###### 

Fitting of ibuprofen release data from cubic nanoparticles into various mechanism models (n = 3)

  Model         Equation                          R^2^
  ------------- --------------------------------- --------
  Zero-order    *y* = 3.649*t* + 20.567           0.6890
  First-order   ln(1--*y*) = 0.133*t* + 3.1212    0.9851
  Higuchi       *y* = 39.2824*t*^1/2^ + 35.0425   0.9926

**Abbreviations:***y*, accumulative release percentage; *t*, sampling time; R, correlation coefficient.

###### 

Pharmacokinetic parameters (mean ± SD) of ibuprofen in serum after oral administration (n = 3)

  Parameter                              C~max~ (μg/mL)   T~max~ (h)    AUC~0--t~ (μg/h/mL)   AUC~0--∞~ (μg/h/mL)   T~1/2~ (h)    MRT (h)        Relative bioavailability (%)
  -------------------------------------- ---------------- ------------- --------------------- --------------------- ------------- -------------- ----------------------------------
  Ibuprofen-loaded cubic nanoparticles   22.64 ± 0.70     1.82 ± 0.31   158.75 ± 7.81         199.64 ± 25.94        4.54 ± 0.64   13.93 ± 3.45   222 ± 4.55 (vs native ibuprofen)
  Native ibuprofen                       23.61 ± 4.04     0.84 ± 0.19   71.42 ± 5.54          73.33 ± 5.69          1.47 ± 0.12   2.58 ± 1.85    --

**Abbreviations:** AUC~(0--~**~∞~**~)~, area under the plasma concentration time curve calculated by the linear trapezoidal rule from time 0 to infinity; SD, standard deviation; T~1/2~, elimination half-life; C~max~, peak plasma concentration; T~max~, time to reach peak plasma concentration.

[^1]: These authors contributed equally to this work
